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poiatpH Ap plications 

The present application claims priority under 35 U.S.C. §1 1 9(e) from 
„ provisional application number 60/421 ,929. flled 10/28/2002. 

Tfinhnical Field 

The present invention relates generally to linear voice coil actuators, and 
in particular to a linear voice coil actuator with improved force characteristics and 
methods for achieving such improved force characteristics. 

15 Rankq round Art 

At least three prior art references describe improvements made to linear 
voice coil actuators by removing some material from one or more parts of the 
magnetic circuit. U.S. Patent No. 5.808,379, issued to Zhao and assigned to 
Kulicke and Soffa Industries, Inc. shows such an improvement: at least on. - 
» gap 44 is provided in at least one of the pole pieces. See Fig. 1 , herein. (F,g. 
is a reproduction of Fig. 5 from U.S. Paten. No. 5,808,379, but in which reference 
numbers have been removed to avoid confusion with reference numbers 
appearing in Fig. 2 of the subject application.) The stated improvement is an 
increase in force for a fixed current level due to reduced armature reactor, 
25 Another prior art actuator is depicted in Fig. 2 and described in U.S. 

Patent No. 5,1 1 3,099, issued to Wong, et al., and assigned to Maxtor 
Corporation. (Fig. 2 is a reproduction of Fig. 3 from U.S. Paten, No. 5,113.099.) 
According to this patent, the core 35 has an opening 37 .hat improves the nse 
time of .he actuator, while additional openings 36 are made to provide heavy 
,o saturation of the core to make its magnetic characteristic approach that of m. 
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Yet another prior art actuator, depicted in Fig. 3. herein, is descnbed ,n 
0 s. Patent No. 5,677.963 issued to Morcos, et a,., and assigned .0 . he assignee 
o, the subject application. According to this patent, a hoie 109 is dn,,ed through 

magnets is no. affected, but the flux created by the current in the coil (armature 
reaction) is substantially reduced. One of the posRive effects of this measure ,s 
reduction of the force imbalance for any given position of the coi, and two 
different directions of current in the coil. 

All of the above three patents substantially describe rectangular voice coil 
actuators, although U.S. Patent No. 5,677,963 mentions that the core could be 
cylindrical. However, the above mentioned patent describes field plates 
connected to end plates in a fashion which can be interpreted to mean that only 
2 magnets or two sets o, magnets are attached to the parallel plates and only 
two sides of the coil are involved in creating the force. 

Despite improvements in actuator performance achieved by these earlier 
efforts there continues to be a need for improvement in force imbalance as a 
function of the position of the coil and current direction in the col 

Summary o f the Invention 

The present invention addresses the need for an improved force balance 
characteristic and provides a method for achieving such improvements Jn 
accordance with the present invention a linear actuator composes a ore hav ng 
a iongitudina, axis, a coil shaped for movement along the longltud.na ax,s of .he 
core, and a magnet s«ruc.ure positioned along .he longitudinal ax,s of the co^ 
wherein the core indudes firs, and second portions, each inc.ud.ng an end ace 
and a cavity formed in the end fac* and having an axis of symmetry along the 
,ong*udinal axis o, the core, and further herein the first and second porttons are 
polned so .hat .he end faces oppose eacfi other and are separated by a gap. 

By forming a cavity in each of the first and second portions of the core ,n a 
direction along the longitudinal axis of the core, tea, is in tee direction of mofion 
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of .he coil, it has been found .ha. a subs.an.ial improvemen. in force balance can 
be achieved. The cavity is preferably of substantially the same shape m each of 
the core portions. For example, a half-spherical cavity can be used, and when 
,he first and second portions of the core are positioned so their end faces oppose 
each other to form the gap, the combination of half-sphericai cavities form a 
substantially spherical chamber in the core subdivided by the gap. 

Preferably, the cavity is widest a. the end face of each portion of the core, 
and decreases in span in a direction away from the end face. The cavity ,s 
preferably curvilinear in cross section along the longitudinal ax,s. 

in accordance with the method of the present invention, a linear actuator 
is formed by forming a core having a first portion and a second portion posted 
along a longitudinal axis, defining an end face in each of the first and second 
porfions, removing materia, symmetrically along the longitudinal ax,s o e co^ 
,o form a cavity in each of the first and second portions; and pos,t,on,ng the firs, 
and second portions so that the end faces oppose each other and are separated 
b a gap. shaping a col, for movement along the longKudina, axis of the core, and 
positioning a magnet structure along the longitudinal axis of the core. 

in accordance with the method of the present invention, the removal of 
material to form the cavity can be accomplished by forming in the end faces of 
the first and second portions of the core concentric bores of vary.ng d,ame ers 
having centers along the longitudinal axis. For example, the cavit.es can be 
formed by drilling out regions of material of selected depths and selected 
diameters which are coaxial with the longitudinal axis, and causing the ^*ed 
diameters of the drilled out regions to increase in a direcfion toward the end face. 
I, is therefore an object of the present invention to provide a linear 
' actuator, and a method for forming the same, which has improved force balance 
characteristics. 

H is another object of the present invention to provide a linear actuator and 
method, in which a core is formed of a first portion and a second portion each 
with end faces that oppose one another to form a gap, and having a cav,ty 
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termed in each end face which cav«y extends symmetrically along a longitudinal 
axis of the core. 

„ is a further object of .he present invention to provide a linear actuator 
and method therefore in which a core having a longitudinal axis is formed of two 
tioteachhavingaface transverse to the longKudinal axis and that opposes 

curvilinear chamber having a span which decreases with distance from the face. 
These and other objectives, features, and advantages of the present 

invention will be more readily understood upon considering the following detailed 
description and accompanying drawings. 

n*sr.riDtion *hfi Drawings 

Fig 1 is a reproduction of Fig. 5 from U.S. Patent No. 5.808,37* but in 
which reference numbers have been removed to avoid cnfusten with reference 
numbers appearing in Fig. 2 of the subject applicatron. 

Fig. 2 is a reproduction of Fig. 3 from U.S. Patent No. 5,1 13,0 9 9. 
Fig. 3 is a reproduction of Fig. 5 of U.S. Patent No. 5,677,963. 
Fig 4 is a simplified illustration of a cylindrical coil embodiment of the 
present invention in which magnets are posted on the outside of the col 
Fig 5 is a simplified illustration of a cylindrical coil embodiment of the 
, present invention in which magnets are positioned on the inside of the co,l. 

Fig. 6 illustrates an actuator with a cylindrical housing in accordance w,th 
the present invention. 

Fig. 7 illustrates an example of a moving coil assembly that can be 
employed in the actuator of Fig. 6. 

Fig. 8 illustrates a crossbar for connecting the two coil base "fingers- 
protruding through two slots in Fig. 6. 
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Fig 9 illustrates that the Force vs. Stroke oharaoteristio of an aotuator with 
a cavity formed in accordance with the present invention can be almost constant 
throughout the stroke. 

Fig. 1 0 illustrates one method of removing the portion of magnetic material 
to form the cavity in accordance with the present invention. 

Fin 1 1 illustrates an actuator with a housing having a square configuration 
in the direction perpendicular to its axis in accordance with the present invention. 

Figs 12A and 12B illustrate square cross-section linear actuator 
embodiments of the present invenfion in which the coi, is posted inside, and 
positioned outside the magnets, respectively. 

retailed De- rrrir""" " f tha Invention 

The above referenced U.S. Patent Nos. 5,808,379, 5,1 13,099 and 
5,677,963 are hereby incorporated herein by reference. 

in one embodiment of the achrator of the present invention, a cylindrical 
coi, 50 is surrounded by the magnets 52 attached to the housing 54, as „lustra.ed 
" ig 4 in accomance with another embodiment, a cylindrical coil 60 surrounds 
the magnets 62 attached to the core 64 as can be seen in Fig. 5. In both cases^ 
the enflre coi, is involved in producing the feme, which improves ufibzafion of the 
volume occupied by the actuator. 

in the embodiments of Figs. 4 and 5, the core 64, has two sections 64A 
and 64B These sections are positioned along the longitudinal axis 66 of core 
64. Each of the sections 64A and 64B has a flange at one end at a end face at 
the other end. Housing 54 is supported by these flanges. 

,n the embodiments of Figs. 4 and 5, moving coil assembly 74 includes 
, fingers 78 and 80 which extend through slots formed in the flange portion of 
section 64B. The portion of fingers 78 and 80 positioned inside the actuator 
within the gap 51 support the actuator coil 50 (60). The other ends of fingers 
and 80 support a crossbar 76 external to the actuator. 
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It is to be understood that actuators in accordance with the present 
invention can take various cross sections, including circular, rectangular and 
square cross sections transverse to the longitudinal axis 66. 

in accordance with the present inventon. Fig. 6 depicts an actuator 70 
with a cylindrical housing 72. A moving coil assembly 74, illustrated in Fig. 1 can 
be employed in the actuator 70 of Fig. 6. A crossbar 76, connecting two cotl 
base fingers- 78, 80 protruding through two slots 84, 86 of Fig. 6, is shown ,n 
Fig. 8. 

in order to improve Force vs. Stroke characteristic of the abators of the 
present invention, some magnetic material should be removed from the magneto 
circuit But unlike the method described in U.S. Patent No. 5,677,963 where a 
hole is drilled through the core perpendicular to its axis, in accordance wrth the 
present invention the magnetic materia, removal is done along the axis 66 of the 
core 64 to form a cavity 68. The particular shape of the cavity 68 in the core 64 ,s 
determined by the desired Force vs. Stroke characteristic. 

in oraer to accomplish the formation of the cavity in accordance with the 
present invention, a core preferably comprises two halves 64A, 64B, separated 
by a gap 69. The optimal size of this gap 69 is also calculated as part of the 
magnetic circuit. For example, Fig. 5 depicts a half-spherical cavity 82A 82B) ,n 
each half of the core 64A (64B). When assembly of the actuator is complete, the 
two cavities 82A, 82B form a substantially spherical cavity. 

In the preferred embodiment of the present invention, the magnets can be 
radially magnetized ring magnets or a plurality of segmented magnets of the 
same polarity facing the coil and shaped to be positioned inside or outside of the 
coil As can be seen from Fig. 4 and 6, the magnets 52 (62) are spaced apart so 
that a space is formed between them that is aligned with gap 69. Whrle the 
magnets 52 in Fig. 4 are shown to be spaced apart, the magnet structure can 
alternatively be formed without such spacing, such as by using a one- P ,ece 
magnet. 
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The advantage of having a cavity formed in the manner of the present 
invention is demonstrated by Fig. 9. Fig. 9 shows that .he Force vs. Stroke 
characteristic of an actuator wKh such a cavity is aimos. constant througho the 
stroke, in particular, the dashed lines illustrate the stroke of an actuator wrth a 
solid core. The dashed line with diamond shaped markers illustrates the Force 
vs Stroke characterise for a left-to-right mo«on, while the dashed line w 
triangular markers illustrates the Force vs. Stroke characteristic for a ng Mo-left 
motion of the actuator. A variation of almost 10N can be seen in each of these 
plots. 

in contrast, the solid lines illustrate the Force vs. Stroke characteristics of 
an actuator with a core having a spherical cavity in accordance with the present 
invention. The solid line with square markers illustrates the Force vs. Stroke 
characteristics for a left-to-right motion, while the solid line with V markers 
iiius.ra.es the right-to-lef. Force vs. Stroke characteristics. A variation* only 
approximately 5N is present, indicating that the force imbalance has been cut ,n 
half over the entire stroke in the illustrated example of an actuator ,n accordance 
with the present invention. Further, it can be seen that in the region extending 
from 1 1 .4 mm to 26.6 mm of the stroke the force variation in either direct™ ,s 
less than approximately 1N. 

Fig 10 depicts another method of removing the portion of magnetic 
material to form the desired cavity. In accordance with this method, holes (84^ 
84B 84C) of increasing diameter are drilled along the axis 66 of each half of the 
core When the number of drills and their sizes are properly selected, the 
combined effect is very similar to that of a spherical cavity. 

Preferably, the volume of the cavrty should be optimized so that the 
armature reaction effect is minimized, the force characteristic is as flat as 
possible, and the force created by the actuator is not reduced. If the volume ,s 
smaller than optimal, the armature reaction effect will no. be minted, and the 
force characteristic will not be as flat as it could be. On the other hand, the 
, volume of the material removed from the core is greater than optimal, * would 
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reduce the primary magnetic flux created by the permanent magnets and, 
consequently, reduce the force generated by the actuator. 

Among the cavity shapes which can be employed in accordance with the 
present invention are half-spherical, hemispherical, curvilinear, stepped bore of 
5 increasing diameter towards the face, concentric circular regions of progressively 
increasing diameter, or a shape which is symmetrical about the longitudinal axis 
of the core and which decreases in span with distance along the longitudinal axis 
from the face of the core sections. 

It is to be understood that the housing and/or the core could also be of a 
10 rectangular, preferably square, configuration in the direction perpendicular to the 
plane of the figures. If a cross-section of the core is rectangular or square, the 
cavity in both halves of the core can be obtained by milling. An actuator with a 
housing having a square configuration in the direction perpendicular to its axis is 
presented in Fig. 1 1 . 

15 Two examples of square cross-section actuators in accordance with the 

present invention are represented in Figs. 12A and 12B. Fig. 12A depicts 
configuration where the rectangular magnets 88 surround the coil 90 and are 
attached to the housing 92. Fig. 12B shows configuration where the coil 94 
surrounds the rectangular magnets 96 attached to the core 98. 

20 Disclosed is a linear actuator comprising a core, a coil assembly, a 

magnet assembly, and a housing. The core has a longitudinal axis and the coil 
assembly includes a coil that is shaped to be positioned about the core for 
movement along the longitudinal axis. The housing is supported by the core 
flanges and positioned about the coil assembly and the core. The magnet 

25 assembly comprises a radially magnetized ring magnet or a plurality of 
segmented magnets of the same polarity facing the coil and shaped to be 
positioned inside or outside of the coil, and supported by the housing or by the 
core. The core comprises first and second portions, each having an end face, 
wherein the first and second portions are positioned along the longitudinal axis 

30 so that the end faces oppose each other and are separated by a gap. A cavity is 
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formed in each of the end faces along the longitudinal axis. The core, coil, 
housing and magnets of the above actuator of the present invention can be 
cylindrical in shape in a direction perpendicular to the longitudinal axis, and the 
cavity formed in each face of the first and second portions of the core can be 
5 half-spherical. 

The cavities of the above embodiments, can be formed from concentric 
holes of varying diameters formed in the end faces of the first and second 
portions of the core with centers spaced along the longitudinal axis. 

The core, coil, housing and magnets of the above actuator of the present 
10 invention can be rectangular, for example square, in shape in a direction 

perpendicular to the longitudinal axis, and the cavity formed in each face of the 
first and second portions of the core can be a plurality of the rectangular or 
square cavities of the increasing cross-section, similar to a plurality of cylindrical 
holes shown in Fig. 10. 

15 The terms and expressions employed herein are terms of description and 

not of limitation, and there is no intent in the use of such terms and expressions 
of excluding equivalents of the features shown and described, or portions 
thereof, it being recognized that various modifications are possible within the 
scope of the invention claimed. 
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